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1. Introduction 
The discovery of the superconductivity in MgB2 [1] at a temperature as high 
as 39 K has stimulated a enormous interest about the comprehension of its 
mechanism [2][3].  
The study of the electron transport properties may give an insight into the 
normal state conduction process and into the electronic structure of MgB2. 
From this point of view the results are contradictory. In fact, some 
measurements, such as magnetoresistivity [4] and the Seebeck effect 
[5][6][7][8], indicate that MgB2 behaves like a simple metal, while the Hall 
effect measurements [9] are very similar to those of the high temperature 
superconductors and the thermal conductivity [8][10] does not show any kind 
of anomaly at the superconducting transition. However, it should be stressed 
that most measurements have been performed on sintered samples in which 
grain boundaries can affect transport properties complicating a clear 
understanding of MgB2 basic properties. Actually, since the coherence 
length, ξ≈ 50 Å, is larger than the junction length between the grains, the 
transport properties that involve the motion of Cooper pairs are less affected 
than in cuprates superconductors. Thus, the resistivity transitions are sharp 
and the absence of weak links has been emphasized by magnetization 
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measurements [11][12]. On the other hand, when quasi-particles are 
responsible for the transport, their scattering mechanisms at the grain 
boundaries cannot be neglected and this could cause incorrect estimate of the 
intrinsic properties of MgB2. 
In this paper we present the resistivity, the Seebeck effect, and the thermal 
conductivity measurements on a MgB2 sintered sample. Such transport 
properties highlight the role of the junctions between the grains to a different 
extent. In particular, the temperature dependence of resistivity may be 
explained with the assumption that grain boundaries have a resistance, 
independent of temperature, in series with the resistance of grains. Also the 
behaviour of the Seebeck effect, as long as the scattering at the grain 
boundaries is elastic, is not affected at all by granularity [13]. Thus, the 
thermopower (TEP) can be a useful tool to provide information on the 
electronic structure. On the other hand, the grain boundary resistance affects 
the thermal conductivity strongly, masking the superconducting transition 
completely. However, this complete set of transport properties gives us the 
possibility to separate the contribution of grains and several conclusions can 
be drawn. To summarize, we will show that MgB2 behaves like a simple 
metal in which electron correlation does not play any role and the high 
phonon frequencies and the electron-phonon coupling are the main features 
that allow to account for all the transport properties very well. 
 
2. Experimental 
The compound MgB2 was prepared by direct synthesis from the elements: Mg 
(in form of fine turnings, 99.999 wt.% purity) and crystalline B (325-mesh 
powder, 99.7 wt.% purity), were mixed together accurately and closed by arc 
welding under pure argon into outgassed Ta crucibles which were then sealed in 
quartz ampoules under vacuum. The samples were slowly heated up to 950 °C 
and maintained at this temperature for 1 day.  The final product was a gray-
blackish powder, only slightly sintered; it was characterized by X-ray diffraction 
using a Guinier camera and CuKα radiation (pure Si as an internal standard, a= 
5.4308 Å). The value of the lattice parameters, a= 3.087(1), c= 3.526(1) Å, in 
very good agreement with the literature, and the absence of extra reflections in 
the diffraction pattern indicate a very pure product. 
Specimens for physical measurements, in the shape of parallelepiped bar 
(2x3x12 mm3), were prepared by pressing the powders in a stainless-steel die 
into a pellet  which was then sintered by heat treatment at 1000 °C for 2 days 
(again in Ta containers, welded under argon and closed in silica tubes under 
vacuum). The density of the bars was about the 70% of the calculated value 
on the base of the lattice parameters. SEM images of the sintered sample (see 
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fig.1) show a rather homogeneous distribution of crystallites with an average 
dimension of the order of µm (fig. 1a); its magnification (fig.1b) shows the 
shape of grains which are platelets with a section in the ab-plane of few µm2 
and a thickness of the order of one tenth of µm in the c-direction. 
The sintered sample used for transport measurements was characterized by a 
Quantum Design SQUID magnetometer and showed the transition onset at 
T=38.8 K. 
The resistivity measurement were performed using a standard four-probe 
technique. The Seebeck effect was measured using an a.c. technique 
described elsewhere [14].The gradient applied to the sample was varied from 
3 to 1 K/cm; these high values were necessary owing to the small values of 
the Seebeck effect. The frequency was chosen as low as ν=0.005-0.003 Hz  in 
order to avoid a reduction of the heat wave amplitude along the sample. 
Under these conditions the thermal conductivity, defined as 
)(T/)(J ννκ ∇=  (where J(ν) is the heat flow provided at the frequency ν 
and ∇T(ν) is the temperature gradient oscillating at the frequency ν), was 
measured simultaneously with the Seebeck effect. For the measurements of S 
and κ we estimate a sensitivity is of 0.5% and accuracy of 2%. 
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Figure 1: SEM images of the sintered sample. 
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3. The resistivity  
The resistivity measurements are presented in fig 2. The critical temperature 
is Tc=38 K, defined at half of the transition,  and the amplitude is ∆Tc~ 0.3 K. 
The room temperature resistivity has a value of  130µΩ cm, whereas the 
resistivity at T=40 K is 40 µΩ cm; the residual resistivity ratio value 
RRR=ρ(273Κ)/ρ(40Κ)=3 is nearly the same as those generally found in the 
literature, even though a much higher RRR value of 20 and resistivity values 
at room temperature of the order of 10 µΩ cm were reported in ref. [4]. This 
large difference in the RRR values (which is a more reliable datum, being 
unaffected by errors in the geometric factors) implies a large difference in the 
residual resistivity, but this last can be due to both the residual resistivity of 
the grains and the resistance of the links between the grains. In fact, the 
presence of  impurities (MgO, Mg etc.) at the grain surface can determine a 
resistance that, to a first approximation, can be thought to be independent of 
temperature and in series with the resistance of the grains.  
Thus, the temperature dependence of the normal state resistivity can be 
described by the expression: 
)()()( 0 TTT gphggbggb ρρρρρρ ++=+=     (1) 
where ρgb is the effective resistivity between the grains and ρg(Τ)  is the 
resistivity of the grains which is given by the sum of the residual resistivity, 
ρ0g , and of the term due to the scattering with the phonons, ρphg(T). The 
resistivity curve from 40 to 300 K was best fitted with the function: 
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where θ is the Debye temperature, ρ’ the temperature coefficient of resistivity 
for T>> θ
 
, and m=3-5. Eq. (2) becomes mTconstT ⋅+= 0)( ρρ  for T< 0.1 θ; 
therefore, the resistivity being well fitted by a power law 
3
0)( TconstT ⋅+= ρρ  [4] in the range from 40 to 100 K,  we have chosen 
m=3, and the best fitting curve obtained with ρ0=39.7 µΩ cm, θ =1050 K and 
ρ’=0.495 µΩcm/K is reported in fig.2 as a continuous line. The  θ
 
 value is in 
fair agreement with the Debye temperature obtained from heat capacity 
measurements [15], even though a rather lower value has been also obtained 
(about 800 K) [16], while the low temperature T3 behaviour, common in 
transition metals [17], can be related to inter-band scattering processes; the 
analogy with transition metals suggests that also in MgB2 there is a more 
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mobile band that determines the conduction. ρ’, which is proportional to the 
strength of the electron-phonon coupling, has the same value as in A15 [18], 
in agreement with a moderate strong coupling found in MgB2. The ρ0 value is 
quite high, and entails, in the Drude approximation and with a carrier density 
of 1029 m-3, a carrier mean free path as low as ten Å; therefore, we suggest 
that ρ0 is mainly due to a large resistance of the grain boundaries. 
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Figure 2: ρ as a function of temperature; the transition region is enlarged in the inset. The 
best fitting curve, obtained with m=3, ρ0=39.7µΩ cm, θR =1050 K, ρ’=4.95×10-1 µΩcm/K, 
is reported as a continuous line. 
 
4. The thermal conductivity 
The thermal conductivity measurements are shown in fig.3 from 10 to 280 K. 
κ is about 1 W/mK at 10 K, increases nearly linearly and reaches a broad 
maximum at about 100 K. Then, it starts to increase again and reaches the 
value of 9 W/mK at 260 K. In the inset the region from 10 to 50 K is enlarged 
and Tc = 37 K is emphasized, this value being obtained by the simultaneous 
measure of the Seebeck effect: no anomaly is present around Tc. These data 
are similar to those presented in ref. [8] and [10], where a more pronounced 
maximum is shown at 100 K and no anomaly at the superconducting 
transition is present. Such thermal conductivities differ in value and in 
behaviour from those of simple metals. In fact, the values are rather low 
considering the high carrier concentration of MgB2, the position of the 
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maximum is at higher temperature than in other metals, and the 
superconducting anomaly is missing. Actually, the low values of κ can be 
related to the strong electron-phonon coupling, which reduces both phonon 
and electron mean free path, and the high Debye temperature of this 
compound could explain the shifting of the peak towards high temperature. 
The most puzzling aspect is the lack of any kind of anomaly at the 
superconducting transition. In fact, in the low temperature superconductors, 
when quasi-particles are the main heat carriers, κ  decreases below Tc owing 
to their condensation. Different is the case of the high temperature 
superconductors, where κ shows a peak below Tc, explained considering both 
the increases in the phonon mean free path due to carrier condensation and the 
increases in the quasi-particles relaxation time in the superconducting state 
[19]. Before seeking an explanation of the lack of the anomaly it is important 
that we determine what are the main heat carriers in MgB2 in the normal state. 
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Figure 3: κ as a function of T; the region from 10 to 50 K is enlarged in the inset, where the 
critical temperature Tc= 37 K,  obtained by the simultaneous measurement of the Seebeck 
effect, is emphasized.  
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4.1 Thermal conductivity in the normal state 
The thermal conductivity in a metal is given by the sum of the electron 
thermal conductivity, eκ , and the phonon thermal conductivity, pκ , which 
we can write as: 
( ) 1−+= iepee WWκ         (4) 
( ) 1−= epp Wκ          (5) 
where, for the Matthiessen’s rule, the eκ  inverse is the sum of the thermal 
resistivity for scattering with phonons, peW , and for scattering with 
impurities, ieW ; as for pκ , in eq. (5) we assume that, in the temperature range 
of our interest (10-300 K), it is given only by the inverse of the thermal 
resistivity for scattering with electrons, epW ; obviously, this is an overestimate 
of pκ . Following ref. [20] we can write: 
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where θρ '2=R , L0=2.44×10-8 V2K-2 is the Lorenz number, na is the number 
of electrons per atom, and the functions Jm are given by eq. (3). From the 
resistivity best fit we know the parameters that enter in the Eqs. (6), (7) and 
(8): they are the Debye temperature θ, the residual resistivity ρ0 related to the 
residual electron mean free path, and the temperature coefficient ρ’. 
In fig. 4 eκ , 
1)( −= pepe Wκ , 1)( −= ieie Wκ  and pκ , given by eqs. (4)-(8), are 
plotted with  ρ0=39 µΩcm, θAR 2= =1.04×10-5 µΩcm, θ=1050 K, na=4/3. 
First, we can see that pκ  is from 3 to 1 order of magnitude less than eκ  in 
the considered temperature range; if we recall that eq. (5) gives an 
overestimate of pκ , we can conclude that phonons give a negligible 
contribution to the thermal conductivity in MgB2. Second, examining eκ  lead 
us to conclude that it is limited to the scattering with the impurities at low 
temperature and to the scattering with phonons above 100 K. Now, by 
comparing the calculated eκ  with the measured thermal conductivity, we can 
see that they look very similar, both in values and in behaviour. The two 
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curves show the same linear increase at the lowest temperatures due to the 
scattering with impurities, and then the calculated curve shows a peak at 
about 90 K which is not resolved in the experimental one but which appears 
clearly in the data of ref. [10]. 
Finally, we can conclude that the normal state thermal conductivity of MgB2 
can be well understood considering that only electrons contribute to it; 
moreover, the high residual resistivity and the strong electron-phonon 
coupling may account very well for the low thermal conductivity values 
compared with those of other metals. 
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Figure 4: eκ , 
1p
e
p
e )W( −=κ , 1ieie )W( −=κ  and pκ , as functions of temperature; they are 
given by eqs. (4-8), with ρ0=39 µΩcm, θA2R = =1.04×10-5 µΩcm, θ=1050 K, na=4/3. 
 
4.2 Thermal conductivity in the superconducting state 
In the following we pursue the hypothesis that electrons are the main heat 
carriers also in the superconducting state. However, since in the BCS 
framework the carrier condensation causes the decrease in eκ  and the 
enhancement of pκ , this assumption could be false for cTTt /= «1. The 
electron thermal conductivity in the superconducting state can be written as: 
1
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The function )(tgi  and )(tg p , calculated in ref. [21] and [22], respectively, 
are defined as the ratio between the electron thermal conductivity in the 
superconducting and in the normal state ne
s
e κκ /  in the dirty and in the clean 
limit, respectively. )(tgi  and )(tg p , which take the condensation of quasi-
particles into account, are decreasing function of temperature depending on 
the amplitude of the energy gap; thus, equation (9) entails a pronounced 
shoulder below Tc that is not present in our data. Even a close inspection of 
the data around 37 K did not emphasized any change of slope, as though the 
superconducting transition did not occur, while the Seebeck effect, measured 
simultaneously on the same sample, underwent a sharp transition showed in 
fig. 6.  
To explain this puzzle in a purely electron framework, we suppose that the 
thermal resistance we measure is the series of a normal and a superconducting 
thermal resistance, and that the first prevails on the latter. The grain 
boundaries can cause such a normal resistance which does not affect the 
superconducting transition in resistivity and in Seebeck effect, provided that 
their thickness is less than the coherence length.  
To verify our hypothesis we assume that the superconducting grains are 
connected to each other through metallic grain boundaries and we schematize 
such a network as a simple series of thermal resistance: 
gb
e
g
e
meas WWW +=         (10) 
where geW  and 
gb
eW are the thermal resistance of grains and grain boundaries, 
respectively. From the resistivity fit we inferred that grain boundaries give 
rise to a temperature independent resistivity whose value is a fraction x of 0ρ : 
0ρρ xgb = . Therefore, the thermal resistance of the grain boundaries will be: 
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The thermal conductivity of the superconducting grains can be calculated 
from eqs. (10) and (11): 
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g
eκ  is plotted in fig. 5 as a function of temperature for x=0.6, 0.65, 0.7. As 
you can see, the shoulder below Tc is now evident and becomes more and 
more resolved as x increases; also the maximum below 100 K is well 
resolved. Owing to the roughness of our model, the estimate of the grain 
boundary resistance is beyond our aims; however, we have demonstrated how 
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efficiently the grain boundaries affect the thermal conductivity, i.e. to the 
point that they render the superconducting transition invisible.  
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Figure 5: geκ  as a function of temperature for x=0.6, 0.65, 0.7. 
 
5. The Seebeck effect 
The Seebeck effect measurements are shown in figure 6. The Seebeck effect 
is zero in the superconducting state,  undergoes the transition between 34 and 
37 K (see the inset), and shows a small bump just above the transition; above 
45 K it starts to increase with a positive curvature that becomes negative 
above 150 K. The broadening of the transition compared with the resistivity 
curve, as well as the bump, are probably artifacts due to the a.c. technique 
which become evident where S varies sharply with temperature [14]. The 
transition region excepted, the Seebeck effect appears to be in strict 
agreement with the data presented in the literature [5]-[8] both in value and in 
behaviour, and this is in contrast with the spreading of resistivity data present 
in the literature.  The small dependence  of the Seebeck effect  on an extrinsic  
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Figure 6: S as a function of temperature; the continuous line is given by eq. (7) with 
A=1.76⋅10-2 µV/K2 and B= 1.26⋅10-6 µV/K4; the dashed line is the diffusive term Sd=AT; 
the dotted line is the experimental phonon drag term defined as S-Sd. 
 
effect such as disorder or granularity was well proved in cuprate 
superconductors [13], and this may be taken into account by the Mott 
formula: 
σ
σπ '
3
22
e
TKS B−=         (13) 
where σ is the electrical conductivity  and 
Fεε
εσ
ε
σ
=∂
∂
= )(' is the derivative 
of the electron conductivity with respect to the energy at the Fermi energy εF. 
If the relaxation time, τ, is independent of energy, which is the case for 
scattering with grain boundaries, S becomes independent of the scattering 
processes. Equation (13) represents the diffusive contribution of the electrons 
to the Seebeck effect and gives a linear dependence with temperature. In the 
isotropic case we have σ’/σ=(3/2εF) and equation (13) becomes: 
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where TCe γ= is the electron specific heat per unit volume.  
 314
In pure metals and for temperatures lower than the Debye temperature the 
phonon relaxation time for interaction with other phonons and impurities is 
much longer than the relaxation time for phonon-electron interactions, then 
phonons do not thermalize themselves and they transfer energy and 
momentum mainly to the electrons; this  mechanism, called phonon drag, 
gives an extra contribution to the Seebeck effect, known as the phonon drag 
term, Sg, which has to be added to the diffusive term arising from the 
conduction electrons only: 
gd SSS +=          (15) 
For pure isotropic metals and if the electron-phonon Umklapp processes are 
neglected, Sg can be written as [23]: 
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C
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=           (16) 
where Cph is the phonon specific heat per unit volume. Thus, for T« θ, the 
Seebeck coefficient of metals assumes the very simple form: 
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Figure 7: S/T as a function of T2; the continuous line is the best fit performed in the range 
2000 K2<T2<8000 K2 . 
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where 3
B
4
3
NK
5
12
θ
πβ = is the coefficient of the low temperature phonon 
specific heat and N the density of atoms. Equation (17) can be compared with 
the experimental Seebeck effect of MgB2 in the temperature range 
TC<T<0.1 θ ; this region turns out to be rather extended, considering the large 
Debye temperature of MgB2 . 
Fig. 7 shows the ratio S/T as a function of T2 for 40 K <T<100 K. The data 
show a linear behaviour up to a T2 value of 8000 (T=90 K) and then begin to 
bend. The best fit performed in the range 2000 K2<T2<8000 K2 is plotted in 
fig. 6 as a continuous line and the fit parameters are A=1.76⋅10-2 µV/K2 and 
B= 1.26⋅10-6 µV/K4.  
Eq. (17) is plotted as a continuous line in fig. 5, with A and B given by the fit; 
the diffusive term Sd=AT is plotted as a dashed line. As one can see, the 
experimental curve is well fitted by eq. (17) up to 100 K, then the data change 
curvature and tend to increase linearly, nearly with the same slope as Sd. If we 
plot the experimental phonon drag term, defined as S-Sd (dotted line), we can 
see that it tends to saturate above 250 K, which is what we expect for Sg; in 
fact, Sg is proportional to Cph as long as the electron-phonon diffusion is the 
main scattering mechanism for phonons. As temperature increases, the 
phonon-impurity and phonon-phonon processes become important, phonons 
do not transfer momentum only to electrons, and the phonon drag falls. For 
simple metals as Cu, Ag, Au, Al, this happens at about θ /5 [24] where Sg 
shows a peak; in the case of MgB2, owing to the strong electron-phonon 
coupling, the peak has not been reached at  θ /4 yet. 
Finally, the excellent low temperature fit, obtained in the temperature range 
where it was expected, and the overall reliable agreement with eq. (15) 
demonstrate that the diffusive and phonon drag terms contribute nearly to the 
same extent to the Seebeck effect in the considered temperature range. This 
was not recognized in ref. [6] and [7], where only a diffusive term that did not 
vanish at T=0 was considered to fit the data.  
Now, we continue to verify the consistency of this model by deriving some 
microscopic parameters from the coefficients A and B. At first, we refrain 
from considering the multi-band character of transport properties in MgB2 and 
we pursue our simple model of isotropic free electrons. The reliability of this 
model in the light of the band structure will be discussed afterwards. 
The coefficients A and B for our sample, together with those extrapolated 
from data in the literature [5] [6] for pure and Al-doped MgB2, are 
summarized in table I. The Fermi energy, εF, and the Debye temperature, θ, 
are obtained directly from A and B (eq. (18)) while the electron density n can  
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Table I 
 A 
µV/K2 
B  
µV/K4 
n  
1028 m-3 
 θ  
K 
Fε   
eV 
MgB2 1.76×10-2 - 1.26×10-6 6.±2 1430 2.08 
(a)MgB2 1.70×10-2 1.30×10-6 6.±2 1430 2.17 
(b)MgB2 2.00×10-2 1.30×10-6 5.±2 1430 1.82 
(b)Mg0.95Al0.05B2 2.88×10-2 1.41×10-6  1390 1.27 
(b)Mg0.9Al0.1B2 2.99×10-2 1.49×10-6  1360 1.22 
(a)Ref. [5],  (b)Ref. [6] 
 
be obtained from A, once γ=3±1 mJ/moleK2 has been introduced in eq. (18a). 
For pure MgB2 we find an electron density of 4-8×1028 m-3, about two times 
lower than the value obtained from Hall effect measurements [9]; the Debye 
temperature of about 1400 K, is the only 30% higher than the value found by 
resistivity measurements. Finally, εF for pure MgB2 is of the order of 2 eV 
and becomes 1.2 eV for Al doped samples. The decrease in εF with Al doping 
is interesting: since the Al doping rises the Fermi level, this is a further 
evidence (with the positive sign) that S is dominated by hole carriers.  
Now, let us consider some details of the band structure of MgB2. The bands 
that contribute to the conduction are of two types [3][25]: two σ bands, 
deriving from the px,y states of B, and two π bands, deriving from the pz states. 
The two sets of bands have very different character, the σ  band being of hole-
type and nearly 2D (there is very little dispersion in the Γ – A direction), and 
the π band being mainly of electron-type and 3D. In the discussion of the 
pairing mechanism great relevance has been given to the σ bands [2][3][26]. 
The positive sign of the Hall coefficient and of the TEP as well as the increase 
in the latter with Al doping confirm the importance of these bands in the 
transport properties. Thus, assuming that only these bands contribute to the 
TEP, we must calculate it taking the 2D nature of σ bands into account, which 
entails that S is a tensor. In the hypothesis of a cylindrical Fermi a surface 
running along Γ-A and of a scattering relaxation time independent of energy, 
the Mott formula (3) gives in this case: 
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0=zzSσ            (19b) 
To compare eqs. (19)  with the experimental data, taken on polycrystalline 
samples, we ought to make an average with respect to the three directions: 
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and similarly for the phonon drag term. 
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The expression (19c) differs from eq. (13) only by the numerical factor 4/9, 
while eq. (20) differs from eq. (16) by a factor 2/3. The Fermi energy of the σ 
band, σεF ,  calculated by comparing T/Sσ  with the coefficients A and the 
Debye temperature calculated by comparing T/S g with B, are reported in 
table II. In this way we find a value for pure MgB2 that is in fair agreement 
with the difference between the Fermi energy and the top of the s bands topε = 
0.9 eV calculated by Suzuki [26]; the same paper calculated the reduction of 
topε  with Al doping, which turned out to amount to about 15% for 
Mg0.9Al0.1B2, two times lower than what we obtain.  
The Debye temperature values in tab. II are smaller than those in tab. I and, 
therefore, in better agreement with the value found from specific heat and 
resistivity; the decreasing of the θ value with the Al doping can be due to a 
softening of the phonon frequencies. Also these results confirm that the 
hypothesis of 2D conduction is suitable for MgB2. 
 
Table 2 
 σεF  
eV 
 θ 
K 
MgB2 0.92 1260 
(a)MgB2 0.96 1260 
(b)MgB2 0.81 1250 
(b)Mg0.95Al0.05B2 0.57 1210 
(b)Mg0.9Al0.1B2 0.54 1190 
(a)Ref. [5],  (b)Ref. [6] 
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6. Conclusion 
In summary, we analyzed in detail the resistivity, the thermal conductivity 
and the thermoelectric power in the normal state and we showed that these 
transport properties are affected in a different way by granularity. We have 
then showed that all these properties can described within an independent 
electron framework, by taking into account the high phonon frequencies and 
the strong electron-phonon coupling. In particular the TEP is the sum of a 
diffusive and a phonon drag terms which contribute nearly equally to it. The 
phonon drag term comes out larger in MgB2 than in other metals and this can 
be due to the importance of electron-phonon interaction in this compound. 
The diffusive term is positive and increases with Al doping. Considering a 
simple model in which the conduction is dominated by the 2D σ bands, from 
the comparison of the experimental values with the theoretical ones, we 
obtain reliable values of the Fermi energy and of the Debye temperature with 
the increasing of the Al doping. Further investigation will be necessary to 
verify this result; in particular transport properties on samples with higher 
level of Al doping will be a useful tool to better investigate the role of the σ 
bands, which have great importance in the pairing mechanism. 
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